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Abstract-The six-port technique promises to have a major impact on the next generation of automatic network analyzers because complex heterodyne methods may be replaced by simple ampfftnde detectors. Tbfs projection, however, is predicated upon the existence or development of caffbration techniques which permit one to conveniently and accurately obtain the parameters which characterize the six-port. 'IIds paper describes a number of substantial refinements to a previously described procedure which is based upon the use of sfidmg terminations.
INTRODUCTION T HE APPEAL
OF the six-port measurement concept stems largely from the simplification which it affords in the associated detection circuitry. Instead of complex heterodyne schemes, simple diode, thermoelectric, or bolometric detectors may be used. Because frequency conversion and mixing have been eliminated, practical experience, to date at least, indicates that a high order of stability in the source frequency, e.g., a frequency synthesizer, is not essential (although it certainly maybe useful). 
so the magnitude of b3/ bd is immediately available.
Next, following the general development given in [3], one has P5= lKb3+ LbAl'
1Strictly speaking, proportionality factors should be included. However, since they cancel from the final result, it is convenient to omit them.~4 properties of the six-port. Taking the ratios of (l), (3), and (4) to (2) gives
Iw-w'['=pg (7) where w is bJbd, WI is -L/K, W2 is -N/M, {is l/lK12, and p is l/lM12. Here P3" . . PG are the observed quantities, and WI, W2, {, and p are, for the moment., assumed to be known in terms of the six-port parameters.
Thus (5)- (7) may be considered a system of simultaneous equations for w.
The solution to these equations for w is shown graphically in Fig. 2 . In particular, the solution is given by the intersection of three circles centered at the origin, WI, and W2, respectively, and whose radii are *,/P, , m, and m. ln In what follows, it is convenient to assume that these terminal planes have been chosen such that, as shown in Fig. 2 , arg WI= O. This solution may be considered a special case of the more general one given in [1] and where the w, takes the role of the q,. Here the circles are exactly centered at the w,, while in the general case this is, at best, an approximation.
Moreover, since one of the circles is centered at the origin and another on the real axis, the number of parameters required to specify the w,, as compared to the qt, have been reduced from six to three, 'This may be recognized as follows. Starting with @), a shift in the terminal plane in arm 4 must affect arg bd while leaving P5 unaltered. This leads to the conclusion that the change in arg b~is accompanied by a change in arg L in the opposite direction. The same must hold in arm 3. This leads to the above result. Before a practical application of the reduction to a four-port can be made, however, it is first necessary to determine the real parameters w,, {, and p, and the complex parameter W2, which together comprise the five constants which characterize this reduction. Returning to Fig. 2 , the circle centered at W2 must pass through the intersection of those centered at O and WI.
Thus, apart from its measurement, PC is determined by P3, PA, and P5 to the extent of a choice between two possible values. Since this is true for all values of w, there must be i constraining relationship among P3, P4, P5, and PG and WI, Wz, {, and p. This maybe found by eliminating w from :5) -(7). The elimination may be achieved as follows. First, the eft-hand sides of (6) and (7) (8) '(2Y+b'2(3+cp2(:r '(c-a,-b)'(%)+(b-a-c)p(%) '
vhere a=]wl-w2/2 b=lw212 3This may be recognized as foflows. If in (6), for example, P5 = O, then w is uniquely determined, i.e., w = w,. This, in turn, uniquely determines (g) Ps/P4 and P6/P4 via (5) and (7) . Since the plane P5/P4=0 and the surface defined by (8) have onfy a single point in common, the plane is (10) evidently tangent to the paraboloid. shows, they are of the third degree. When a solution is attempted, using standard numerical methods, the iteration tends to be lengthy and may diverge or find a wrong root unless a reasonably good estimate of the solution has first been obtained. At the measurement terminals, where the sliding short is connected, let T= az/ b2. In the complex r plane, the locus of r values for the sliding short is a circle, centered at the origin and of a nominal-unit radius. Now, w (or bJbJ is related to r via a bilinear transformation whose parameters are those required to describe the reduced four-port. Although these are unknown at this point, a
well-known property of any bilinear transformation is that circles are mapped into circles (with straight lines as limiting cases). Thus the locus in the w plane associated with the sliding short is a circle, as shown in Fig. 3 , whose radius and center will be denoted by R and RC, respectively, although these are, as yet, unknown. Together with w, however, they satisfy the equation
Next, w is eliminated between (12), (5), and (6). This is most conveniently done by noting that (12) is of the same form as (7). Thus the desired result maybe obtained from 
It can be shown that (13) 
Moreover, while the left-hand members of (29) (21) and (22) and comparison with (27) and (28) In addition to determining the proper choice of signs for S and q the parameters I M 12 and W2 have yet to be determined. With regard to the multiple-root problem, the existence of the fourth detector (P6) was ignored in (13) and the development that followed. The discussion thus pertains to a five-rather than six-port. Although the future for the five-port appears limited, it is worth noting that apart from the multiple-root problem, the foregoing, together with certain observations to follow, provide for its calibration.
In the five-port mode, one ordinarily re- Fig. 3 This approach, however, while of value in some circumstances, requires too much operator effort to be considered useful in a multiple-frequency environment. An alternative method will now be developed.
Thus far no use has been made of P6 other than its role in obtaining (8). Unfortunately, the latter sheds little or, no light on the immediate question. Alternatively, PG could be substituted for P5 in (13) and the development which follows. Unfortunately, this yields two more sign ambiguities, namely, whether \W212is greater or smaller than R 2, and whether arg W2 is greater or smaller than arg Rc. These problems are avoided in the procedure to follow. Let W=u+jo W.2= U2+jr+.
With these substitutions, 
to yield
is ignored for the moment, (41) may be regarded as a linear equation in s, Uz, V2, and p which represent the parameters associated with Pb and which are yet to be found. Given a set of values for PJ P4 and the corresponding values of u and o, it would be possible to form a system of linear equations from (41) which could be solved to yield s, U2, V2, and p. In order for this scheme to work, two conditions must be satisfied. First, one must be able to obtain the u and o corresponding to the observed P,/ Pd; second, the set of equations so formed must be linearly independent.
The u and v associated with the sliding-short positions may be found as follows. The procedure is illustrated in Fig. 3 . Again, it will be assumed that the proper choices of sign have been made so that ]Rcl, IWII, Iwl -R=\, R, and { are known. The argument of R= will be denoted by $, and, as noted earlier, it will be assumed that 0<$ <n. Moreover, + may be found from \Rcl, Iwll, and Iwl -Rcl by use of the law of cosines. In a similar way, u is given by 
where Rcx and Rq are the real and imaginary parts of Rc. By use of (44) and (49) Ordinarily, this assumption is well satisfied by practical six-port designs.
Although a minimum of three positions from the sliding-short data and one from the sliding-load data are required to form the set, it may be desirable to form more equations and to use a standard least squares solution. In any event, it is now possible to solve the system for ,s, u, o, and p.
In obtaining this result, however, it has been assumed that IRcl, IWI -Rcl, R, and { are known, while in reality one has four sets of possible values for these parameters.
The key point is now the following. If, and only if, the proper set of values has been chosen, the s, u, and o obtained above will satisfy (42). 
